The adsorption and thermal desorption behaviours of seven model compounds containing asphalt-like functionalities were studied on silica. Adsorption isotherms of the model compounds were examined at 25ºC and analyzed via the Langmuir isotherm. A series of temperature-programmed desorption (TPD) experiments was also conducted on the silica samples, the activation energy for desorption (E d ) being determined by conventional TPD analysis. The adsorption and thermal desorption behaviours were correlated in terms of the activation energy (E d tot ) for complete desorption. Dimethyl sulphoxide showed the strongest adsorption and the largest value for E d tot , implying that the high energy consumption necessary to desorb such functionalities plays a key role in the durability of asphalt-aggregate bonding.
INTRODUCTION
During the past several decades, asphalt has served as a road-surface binder because of its low cost, workability, strength, durability and impervious nature. However, with increasing traffic loads and weathering stress, numerous premature failures of road surfaces continue to occur. Asphalt is a suspension of micelles dispersed in a resinous hydrocarbon oil (Traxler 1965 ) whose components contain nitrogen, sulphur, oxygen and a small amount of metals as well as carbon and hydrogen. The heteroatoms bound to the hydrocarbons impart a polarity to the asphalt molecules thereby keeping them loosely associated via hydrogen bonding. Asphalt may be separated primarily into asphaltenes and maltenes which are insoluble and soluble in pentane, respectively. The asphaltene fraction may be characterized by its polar components contained in highly condensed ring systems and is, thus, chemically active and viscous. It is known that conjugated molecules possessing dipoles which are present in the asphaltene fraction are those primarily responsible for asphaltaggregate bonding (Ensley 1975) .
Many works which have investigated asphalt-aggregate bonding in terms of the adsorption of asphalt molecules on to the substrate surface have been published to date. Thus, Ensley (1972 , 1973 has employed his data for the heat of immersion in interpreting asphalt-aggregate bonding in terms of the multilayer adsorption of asphalt molecules on to aggregate. He has described the multilayer adsorption mechanism as involving interactions between dipoles and induced dipoles of the heteroatomic asphalt molecules. Plancher and co-workers (1977) defined the asphalt molecules remaining after washing the asphalt-adsorbed aggregate with organic solvents as being strongly adsorbed or chemisorbed. These authors found that the amount of strongly adsorbed asphalt depended on the relative amounts of functional groups and they listed several strongly interacting functionalities. Peterson (1975 Peterson ( , 1985 also identified similar strongly interacting asphalt functionalities including polynuclear aromatic, phenolic, 2-quinolone, pyrolic, pyridine, sulphide, sulphoxide, anhydride, carboxylic acid and ketone groups. Such studies have led to significant progress in the understanding of asphalt-aggregate bonding. However, further progress regarding the nature of asphalt-aggregate interactions would require a detailed knowledge of the adsorption and desorption behaviour of asphalt molecules on aggregate surfaces.
The object of the present study was to provide useful information on the adsorption and thermal desorption behaviour of selected model compounds containing asphalt-like functionalities on a model substrate. Thus, the adsorption isotherms of the model compounds on silica at 25ºC have been examined and analyzed via the Langmuir adsorption isotherm. A series of temperatureprogrammed desorption (TPD) experiments has also been conducted with the model compoundcoated silica samples. Such studies have allowed the activation energy for desorption to be obtained by conventional TPD analysis. The adsorption and thermal desorption behaviour of the model compounds have been correlated in terms of the activation energy necessary to completely desorb the adsorbed molecules.
EXPERIMENTAL
Dimethyl sulphoxide (99.9%),1-butanol (99.9%), 2-butanone (99.9%), triethylamine (>99%), naphthalene (99%), propionic acid (>99%) and ethyl acetate (>99.9%) were selected as model compounds since they all contain functionalities known to be important in asphalt-aggregate bonding (Plancher et al. 1977) . The minute amounts of moisture contained in the various liquid compounds were removed before use by the immersion of type 4A molecular sieves. Similarly, naphthalene (>99%) was stored in a vacuum desiccator to allow protection from atmospheric moisture. Toluene (>99.9%) was used as a solvent because of its minimal effect on the adsorption of aliphatic hydrocarbons on to silica (Rochester and Parfitt 1983) . Benzene (>99.9%) was used as the internal standard for the concentration analysis of the adsorption solution by gas chromatography. All the aforementioned chemicals were used as received from Aldrich Chemicals. Silica gel (as obtained from the Davison Chemical Division of W.R. Grace & Co.) was used as the model substrate. Its particle size, pore size, surface area and pore volume were 250-500 mm, 150 Å, 300 m 2 /g and 1.10 cm 3 /g, respectively. The silica gel was heated at 140ºC for 1 d before use to remove adsorbed moisture, a process which caused no changes to the surface hydroxy group concentration (Kiselev 1958) .
To determine the time necessary to achieve equilibrium during adsorption, nine solutions were prepared by dissolving each model compound in 50 ml toluene to achieve 50 mmol concentration. Oven-dried silica substrate (ca. 1 g) was added to each of the respective solutions. The latter were allowed to incubate with constant shaking (orbit shaker, Lab-line Instruments Inc.) in a water bath (Fisher Scientific) which was maintained at a constant temperature of 25 ± 0.1ºC. Eight samples of supernatant of 7 ml volume were taken in turn from each solution after 1, 2, 5, 10, 20, 40, 60 and 80 min had elapsed. Each sample was filtered through a Teflon filter (pore diameter, 0.22 mm) to remove all suspended silica particles, following which a known amount of benzene was added to the filtered sample. All the filtered samples were analyzed by means of a gas chromatograph (GC) (Varian model 3700) equipped with a flame ionization detector (FID) and capillary columns (DB-Wax and DB-1, Megabore). The same procedure was adopted for the adsorption isotherm experiments except that, for a particular model compound, eight adsorption solutions of different concentration were prepared and each solution was incubated for 40 min. The TPD apparatus consisted of a pyroreactor equipped with a temperature control unit (Pyroprobe 120, Chemical Data System) and a heating module (Pyroprobe 122, Chemical Data System) as depicted in Figure 1 . A thermocouple (Omega model 199) was installed inside the pyroreactor to allow the temperature near the substrate sample to be measured. The complete pyroreactor was mounted on top of the FID. A quartz tube containing the model compound-coated sample (10 mg) was placed inside a clean heating coil attached to the heating module and the latter inserted into the pyroreactor. The sample was then preheated for 1 h at 100ºC to remove moisture and weakly adsorbed molecules of the model compound. Following this procedure, it was heated from 50ºC to 980ºC at a known rate of heating and the resulting TPD chromatogram recorded. The heating rates employed were 20, 30, 40, 60, 80, 120 and 180ºC/min, respectively. According to conventional TPD theory, on increasing the heating rate (b), the peak temperature (T p ) on the TPD chromatogram also increases. A plot of ln(T 2 p /b) versus l/T p should give a straight line of slope of E d /R in accordance with the following equation (Cvetanovic and Amenomiya 1972; Falconer and Schwarz 1983) :
where R, n n , E d , q and g(q) denote the gas constant, the pre-exponential factor in the Arrhenius equation, the activation energy for desorption, the surface coverage and the surface coverage function which is characterized by the desorption kinetics. The value of E d could therefore be determined from the slope of the plot of the experimental data as ln(T 2 p /b) versus l/T p .
RESULTS AND DISCUSSION
The adsorption of all the model compounds was complete within 40 min and hence this was normally employed as the equilibrium time. All the adsorption isotherms were investigated after equilibrium had been achieved using initial adsorbate concentrations in the 0-100 mmol range.
The results obtained are shown in Figures 2 and 3. It will be seen that the isotherm for dimethyl sulphoxide was of H-2 type according to the classification of Giles et al. (1974) in that it increased rapidly at lower concentrations and attained a plateau at higher concentrations. The high initial slope for the isotherm suggests that dimethyl sulphoxide molecules have such a high adsorption affinity toward the silica surface that they were completely adsorbed even at low concentration or at least no measurable amount remained in the solution phase (Giles et al. 1960 (Giles et al. , 1974 . In contrast, within the same concentration range, the adsorption isotherms for triethylamine and propionic acid gradually increased and then attained a plateau value. These isotherms are of L-2 type corresponding to the formation of a complete adsorbate monolayer on the surface. With 1-butanol and ethyl acetate, the isotherms exhibited a continual increase over the concentration range employed and correspond to an L-1 isotherm type, while that for 2-butanone is of L-4 type suggesting multilayer formation. Finally, the naphthalene isotherm increased gradually up to 40 mmol concentration but fluctuated somewhat thereafter making the adsorption pattern somewhat unclear. The Langmuir adsorption model has been applied to the experimental data in order to calculate the amount of adsorbate involved in the saturated monolayer and the standard free energy change for adsorption. The Langmuir isotherm may generally be written as:
where C, q, q m and b respectively denote the equilibrium concentration, the amount of adsorbate sorbed per g substrate, the amount of adsorbate sorbed in the saturated monolayer and a constant relevant to the adsorption equilibrium (Ruthven 1984) . The amount in the monolayer and the constant b can be obtained readily from the slope and intercept of the linear plot of C/q versus C. Since the Langmuir adsorption isotherm is based on the formation of a monolayer, this model was only applied in the cases of 2-butanone and naphthalene at concentrations below 60 mmol and 40 mmol, respectively. Figure 4 shows the representative Langmuir plots for dimethyl sulphoxide and 1-butanol. The values for the resulting monolayer amount (q m ) and constant b are listed in Table 1 . The amounts of adsorbate adsorbed in a monolayer follow the order: dimethyl sulphoxide > 1-butanol > triethylamine > 2-butanone > propionic acid > ethyl acetate > naphthalene. In contrast, the order of the constant b is: dimethyl sulphoxide > propionic acid > triethylamine > naphthalene > 1-butanol > ethyl acetate > 2-butanone. As the constant b increases, the slope of the initial isotherm increases (Thomas and Thomas 1967) . The standard free energy change for adsorption, DG 0 , may be calculated from the relationship:
where R, T and K denote the gas constant, the adsorption temperature and the equilibrium constant, respectively. The value of K was determined from the alternative expression for the Langmuir plot:
where C, X and X m are the mole fraction of model compound, the amount adsorbed and the monolayer amount in mmol/g silica, respectively (Groszek 1975) . The calculated values of K and DG 0 are also listed in Table 1 from which it will be seen that dimethyl sulphoxide exhibited the largest value of K while the DG 0 values follow the order: 2-butanone > ethyl acetate > 1-butanol > naphthalene > triethylamine > propionic acid > dimethyl sulphoxide. Since a smaller value of DG 0 implies a more spontaneous adsorption, dimethyl sulphoxide appears to be the most spontaneous and strongly adsorbing model compound whereas naphthalene was the least. The initial concentration of the various adsorption solutions used for TPD experiments was 60 mmol for all the model compounds examined, with the exception of 1-butanol and naphthalene for which the corresponding values were 80 mmol and 40 mmol, respectively. As shown in Table 2 , the adsorbed amount (q 1 ) of the model compounds at these initial concentrations were, in all cases, lower than the amount necessary to form a monolayer. Prior to the TPD experiments, the silica samples employed in the adsorption studies were preheated for 1 h at 100ºC to remove any minute amounts of adsorbed water vapour, since even trace amounts of water may produce a bogus TPD chromatogram (Falconer and Schwarz 1983) . However, when the silica samples were pretreated at this temperature, a significant portion of adsorbed molecules which appeared to be weakly adsorbed was also removed at the same time. The amount of such material lost was determined by calculating the area difference between the two TPD curves measured with and without silica pretreatment over the temperature range 50-980ºC at a heating rate of 20ºC/min. Table 2 lists the actual amount (q 2 ) of each model compound remaining on the silica substrate after such pretreatment and the percentage loss after pretreatment. The figures in parentheses represent the surface coverages relative to a full monolayer amount, i.e., q 1 /q m and q 2 /q m . After such pretreatment, it was found that dimethyl sulphoxide lost the least amount (19.9%) whereas 1-butanol lost the greatest (52.5%). A series of TPD experiments was then conducted on the pretreated silica samples over the temperature range 50-980ºC at various heating rates. Figure 5 shows a representative TPD chromatogram for dimethyl sulphoxide at a heating rate of 20ºC/min. Dimethyl sulphoxide, 2-butanone, ethyl acetate and naphthalene gave two distinct TPD peaks, whereas 1-butanol, triethylamine and propionic acid exhibited only one such peak. The corresponding peaks observed in this study are referred to as peak 1 and peak 2, respectively, for the lower and higher temperature. The desorption activation energy (E d ) for each TPD peak was determined from the slope of the ln(T 2 p /b) versus 10 3 /T p plot as shown in Figure 6 . The desorption activation energies thus obtained for seven model compounds are summarized in Table 3 . It will be noted from the data in this table that the value of E d for the second peak which occurred at the higher temperature was larger as was expected. For those model compounds which exhibited two TPD peaks, the area fractions of peaks 1 and 2 (a 1 and a 2 ) were determined by deconvolution of the TPD chromatograms. The values of such area fractions are quoted in parentheses in Table 3 . A weighted desorption activation energy (E d w ) was also calculated by averaging the activation energies with respect to the area fraction of peak, i.e., E d w = E d1 a 1 + E d2 a 2 . For dimethyl sulphoxide, E d w was calculated as 21.6 (kcal/mol) = 0.46 × 17.6 (kcal/ mol) + 0.54 × 25.0 (kcal/mol). The activation energy (E d tot ) needed to desorb the total amount of model compound molecules remaining on 1 g silica after pretreatment was calculated as E d tot = q 2 E d w . Thus, E d tot was calculated as 23.5 (cal/g) = 1.09 (mmol/g) × 21.6 (kcal/mol) for dimethyl sulphoxide. For 1-butanol, triethylamine and propionic acid which yielded a single peak, the value of E d was employed instead of E d w . As listed in Table 3 , the resulting values for E d tot were in the order: dimethyl sulphoxide > propionic acid > 1-butanol > triethylamine > 2-butanone > ethyl acetate > naphthalene. On comparison of these results with those for the standard free energy change, it is found that the model compounds dimethyl sulphoxide, propionic acid, 1-butanol and triethylamine which exhibited a stronger adsorption behaviour required a greater energy to effect desorption. Dimethyl sulphoxide, in particular, showed the strongest adsorption behaviour and the highest durability in terms of the energy necessary to totally desorb the adsorbed molecules. These results imply that functionalities such as sulphoxide are critical to the durability of asphaltaggregate bonding. Extension of this approach in the future to real aggregate and polyaromatic compounds is expected to provide a better understanding of the real nature of asphalt-aggregate bonding. 
CONCLUSIONS
Investigation of the adsorption and thermal desorption behaviour of selected model compounds, i.e. dimethyl sulphoxide, 1-butanol, propionic acid, triethylamine, 2-butanone, ethyl acetate and naphthalene, on a silica substrate has revealed that dimethyl sulphoxide was the most strongly adsorbed and required the greatest amount of energy to effect complete desorption of the adsorbed molecules. In addition, propionic acid, 1-butanol and triethylamine also exhibited a relatively high order of adsorption affinity and durability towards heat. These results indicate that particular functionalities such as sulphoxide, carboxylic acid, hydroxy and amine groups play an important role in asphalt-aggregate interaction.
